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Abstract 
A simple computational procedure for calculating the water balance 
in the Fraser River basin in British Columbia is presented. The computational 
model uses readily available meteorological records and is based on the 
definitional equality that, for a given year, runoff is equal to the 
difference between precipitation and evapotranspiration adjusted for 
basin storage fluctuation. The annual hydrologic record generated by 
this model indicates that, for the period 1951 to 1976, precipitation 
basin runoff, and evapotranspiration, respectively averaged 737 mm, 
433 mm and 301 mm per year, while the mean annual temperature for the 
same period was 2.1°c. The relationshipsamong the hydrologic components 
and basin temperature are discussed. It is concluded that, given the 
known errors in the computational model, the measured water balance is 
not inconsistent with that derived from the estimating procedure of 
Thornthwaite and Mather. 
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Introduction 
The Fraser River Basin is a major catchment occupying about one quarter 
of the total area of the Province of British Columbia. In spite of its 
obvious importance as a water resources unit, little attention has been 
given to its general hydrological characteristics. 1 The purposes of this 
report are to introduce a computational model for determining the annual 
water balance of the Fraser Basin from readily available data and to 
present the annual hydrologic record it generates. 
For these purposes the drainage area of the Fraser River has been 
taken as that land surface contributing runoff to the gauging station at 
the town of Hope in southwestern British Columbia (see Figure 1). This 
station was selected as the basin outlet because it is free of the tidal 
influences affecting stations further downstream and because it has a long 
and reliable flow record. The watershed has been defined as the topographic 
divide as it appears on the Surveys and Mapping Branch 1:1,000,000 topographic 
map series. Defined in this manner, the drainage area of some 217,000 km2 
constitutes 95 per cent of that of the actual basin with its outlet at the 
coast south of Vancouver. 
Selection of the period of record, the years 1951 to 1976, was largely 
dictated by data availability. Prior to 1951, the amount of climatic data 
estimation required to satisfy the model is considered excessive and 
the results unreliable. 
The water balance in the basin is not easily specified because of the 
unrepresentative network of stations reporting meteorological conditions there. 
The Basin consists of a relatively low elevation Interior Plateau bounded by 
~--------------
-2-
1 
N 
I 
Scale 
0 100 
Kilometres 
Figure 1: The Fraser River Basin, B.C. 
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the Coast Mountains to the west, the Cascade Mountains to the south, and the 
Cassiar-Columbia Mountains to the east and north (see Figure l); most 
meteorological stations are located in the Interior Plateau. In the final 
analysis only 70 stations were considered to have records of acceptable 
quality (duration and continuity) and of these only 10 were located at 
elevations above the 1,000 m level (the approximate mean surface-elevation of the 
Basin). Furthermore, only one station is present in the approximately 20 per 
cent of the Basin area occurring above the 1,500 m level. Unfortunately, this 
is the same area which receives substantial orographic precipitation from the 
generally easterly flowing air. Any useful water-balance computation must 
incorporate features to overcome these data limitations. 
The general framework of the water balance computation is represented 
by the simple continuity equation: 
Q = P - E + Ll.S 
vt t (1) 
in which Q, P, E , and Ll.St are respectively annual runoff, annual precipitation, vt 
annual evapotranspiration, and the net storage of water in a given year. Each 
of these components has been expressed in terms of water depth per unit drainage 
2 
area (mm/km). 
Provided at least three of the four components in equation (1) are known 
the water balance equation is soluble. Although the components Q and P are 
relatively easily determined, the remaining two are not. Rates of evapotran-
spiration ar°- virtually unmeasured in the Fraser Basin. A few discontinuous 
records of pan evaporation exist for irrigated areas in Summerland but useable 
data in the present context are not available. Consequently, it was decided 
to estimate annual storage changes and compute evapotranspiration as the 
residual. Natural storage fluctuation is generally regard(_•d as being a very 
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conservative component of the annual .:ater balance for large basins and can 
2 be set to zero in this case. 
Computational Procedures 
Basin runoff was taken as the discharge of the Fraser River at Hope plus 
the water drawn from the Kenny Dam reservoir to power the Alcan hydro-electric 
generators at Kemano. This latter runoff component, representing Nechako 
River flow which is diverted from the basin at source, averages about 3~ per 
cent of the Fraser River flow at Hope. The diversion became effective late in 
1954 when the reservoir finally filled to capacity after three years of 
essentially complete dam closure. All the data necessary to compute the basin 
runoff were obtained from the records of the Water Survey of Canada. 
Annual precipitation over the Fraser Basin was computed from Atmospheric 
Environment Service records for the 70 weather stations shown in Figure 2A. In 
cases where records were missing for certain months or years, precipitation was 
estimated by linear regression of the existing record on the complete and 
correlated record of a nearby station. Eight station records were rejected 
because they were not amenable to this type of analysis. Spatial averaging 
of these precipitation data was achieved by partitioning the basin into 30 
cells based on the isohyet map of mean annual precipitation for the period 
of record (see Figure 2B). This map strongly reflects the topographic elements 
of the basin. It shows clearly the zone of high precipitation and strong 
precipitation gradient on the mountainous western margin of the basin, 
the central corridor of rainshadow, and the increasing precipitation associated 
with the higher elevations of the easterly Cariboo. Each of the 30 cells 
was located so that it enclosed a homogeneous precipitation zone (for examples 
see cells 8 and 23) or represented a segment of a well defined precipitation 
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Figure 2A: Mean annual precipitation (mm) in the Fraser 
River basin for the period 1951-1976. 
2B: The Fraser River basin sub-units used in the 
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gradient (for examples see cells 13 and 17). The mean annual precipitation 
0( P:wh Cl'll (P) w.1:-; clc·termined hy planim<'L0ring l~whyC'lill ;ir('il::; and 
n 
accordingly weighting the isohyet magnitudes within each cell to obtain a 
spatial average, Mean annual precipitation by cell was related in turn to 
that for the complete basin (the sum of the 30 cells) by equation (2): 
30 
P = E 
n=l 
30 
p A I E 
n n 
n=l 
A 
n ( 2) 
in which A is the area of the nth cell. Linear equations formed between the n 
mean precipitation of a cell and that of the individual stations within (or 
near to) it, provide the link between station and basin precipitation for given 
years. For example, the annual precipitation in cell 10 has been determined 
from precipitation recorded at the stations located along the precipitation 
gradient (Sl7, S60, SlO, and S65). The simple average of mean annual 
precipitation at these stations is 710 nun while the mean annual precipitation 
for the cell was determined at 734 mm. Thus the simple linear equation 
relating the annual precipitation in cell 10 (P10) to those at the specified 
stations can be expressed as: 
p 10 ~ 734 /710~ p Sl7 + p S60 + p SlO + p S65 J (3) 
·- 4 
Equations for the remaining 29 cells were formed in a similar manner. The sum 
of the area-weighted cell precipitations (analogo1s to equation (2))for a 
given year yields the basin precipitation for that year. 
Storage changes resulting from natural soil-moisture flux from year to 
year are considered to be negligible. It is necessary, however, to take 
some account of fluctuations in reservoir storage behind the Kenny Dam. 
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The water balance for the reservoir is routinely reported by Alcan engineers 
and is determined from reservoir volmne changes and spillway discharges. These 
data have been transformed to compatible units and incorporated in the water 
balance computations for the basin. 
Annual mean air temperature in the Fraser Basin was also computed; it 
was assumed that shifts in the ratio precipitation/runoff largely would be 
explained by evapotranspiration responses to variations in air temperature. 
Inspection of the climatic data for the basin indicate that two distinct 
temperature patterns prevail. North of about latitude 53°30' the basin 
temperatures appear to be much influenced by intrusion of cold air associated 
with movement of the Arctic front. Furthermore, the topography in the 
southern portion of the basin has a higher mean elevation and greater relief 
than that in the north (see Figure 3). In a statistical sense, less than 
5 per cent of the temperature variation north of 53°30' can be explained by 
changes in elevation. In contrast, the corresponding level of explanation in 
the southern portion of the basin is 82 per cent. For these reasons, the 
calculation of annual mean temperatures has been based on the mean annual 
isotherm pattern for the northern portion of the basin, and on the environ-
mental lapse rate for the southern portion (see Figure 4). 0 North of 53 30' , 
eight cells were used to achieve spatial averaging of temperatures on a 
yearly basis by the same area-weighting procedure adopted in the precipitation 
computations. In the southern portion of the basin the strong relationship 
between temperature and elevation (see Figure 4) has been used to achieve 
spatial averaging of annual me~n temperatures. The drainage area to the south 
of 53°30' was divided into ten 305 m-elevation classes and each assigned a 
mean annual temperature based on the mean environmental lapse rate. Temperatures 
within elevation classes for given years (T) were calculated from equation (4) ; 
(4) 
Figure 3: 
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in which T is the average of mean annual temperatures for stations in the 
elevation class, Tlr is the mean annual temperature indicated by the regression 
equation specifying the environmental lapse rate, and T is the average m 
temperature for the appropriate stations during the year in question. For 
example, consider elevation class 3 (610-915 m). At the mid-point elevation 
of 762.5 m the mean environmental lapse rate (see Figure 4) indicates that 
0 Tlr = 4.61 C. Twelve stations are located in this elevation class and the 
average of their mean annual temperatures is 1' = 3.98°c. In this case equation 
(4) reduces to 
T2 = 4.61/3~8(T ) = l.16T · m m (5) 
Spatial averaging of the temperatures in all ten elevation classes (T ) was 
a 
computed from 10 10 
T l, T A I L A (6) a n n n 
n=l n=l 
where A is the basin area at elevation class n. Basin area distribution n 
by elevation (see Figure 3) was determined from 1400 spot heights measured 
on a square grid system. The annual mean temperature of the complete basin 
was finally calculated as an area-weighted average of temperatures determined 
for the north and south portions of the drainage area. 
Results of the Analysis 
The magnitudes of the various hydrologic compl)nents for the period of 
record are compiled in Table 1 and graphed in Figure 5. In all cases the 
means for the 26-year period seem to be stationary. Although there appears to 
have been an upward shift in runoff between 1951 a;1d 1959, it simply reflects 
the unusually low precipitation at the start of tht· period and the fact that 
the years 1952 to 1956 marked the gradual filling · ,f the Kenny Dam reservoir. 
Since 1957-1958 precipitation and runoff records h .. ve exhibited an approximately 
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in-phase fluctuation with a periodicity averaging about 3 years. Similarly, 
the evapotranspiration record, derived as it is from the records of precipitation 
and runoff, also displays a simple fluctuation about the mean with a periodicity 
averaging about 3 years. 
The relationship between runoff and precipitation is shown in Figure 6A. 
The graph shows the expected positive trend although considerable scatter 
exists in the data. Statistically, precipitation explains 31 per cent of the 
variance in runoff. If the runoff data are adjusted to reflect the changes in 
the Kenny Dam reservoir storage, the explanation level is increased to 41 per 
cent. In other words, about 10 per cent of the fluctuations in the annual 
runoff from the basin are the result of yearly changes in the amount of water 
stored in the reservoir. 
From Equation (1) it might reasonably be assumed that much of the variance 
in the runoff residuals in Figure 6A will be explained by variations in 
evapotranspiration from year to year. Obviously the present evapotranspiration 
data can not be used to test this reasoning because it is itself a residual 
involving precipitation, runoff, and changes in storage. The independently 
derived temperature record, however, may be used as an approximate surrogate 
for the evapotranspiration in this case. But as Figure 6B shows, the (Q + St)/P 
residuals are virtually independent of the basin temperature. There are several 
likely reasons for the ill-defined nature of this relationship. No doubt part 
of the reason is simply that the real meteorological control of evapotran-
spiration, the vapour pressure gradient, may not be well expressed in terms 
of temperature. But a more important part of the reason is the fact that 
temperature increases in the basin are related to two opposing runoff effects. 
Opposing the effect of increased evapotranspiration is the increased rate of 
sna.nnelt: yield during the Spring thaw. As the mean annual temperature increases, 
-12-
Reservoir 
Year PreciEitation Runoff Storage ~va2otranseiration Temeerature 
1951 710 347 0 363 1.1 
1952 566 367 + 5 194 2.4 
1953 795 354 +29 412 3.0 
1954 844 450 +39 355 1. 8 
1955 756 415 +19 322 0.2 
1956 732 385 +15 332 1.5 
1957 710 437 0 282 1.6 
1958 697 437 
-14 274 3.5 
1959 836 478 + 2 356 1.9 
1960 683 459 
- 5 229 2.3 
1961 747 417 
- 1 331 2.9 
1962 775 458 + 6 311 2.5 
1963 693 429 
- 3 267 3.1 
1964 860 516 0 344 1.5 
1965 725 427 + 1 297 2.2 
1966 807 439 + 2 366 2.0 
1967 707 474 
- 1 234 2.7 
1968 798 495 + 3 300 1.9 
1969 693 415 
- 3 281 2.3 
1970 565 325 
- 2 242 2.1 
1971 822 427 + 1 394 1.8 
1972 789 509 
- 3 283 1.4 
1973 634 378 + 1 255 1.9 
1974 706 477 0 229 2.6 
1975 751 399 
- 1 353 1.6 
1976 764 549 0 215 2.7 
Means 737 433 301 2.1 
Table 1: Mean annual values of hydrologic variables (mm) and of air temperature (oC) 
for the Fraser River Basin, 1951-1976. 
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so does the temperature during the thaw months April - June (see Figure 6D). 
Consequently, large volumes of water are rapidly liberated from upper level 
snowpacks over a short period of ti111e, reducing the opportunity for evapo-
transpiration loss and maintaining capacity soil moisture, thus promoting 
high water yields from the basin. 
On balance, increases in mean annual temperature appear to favour slight 
increases in water yield from the Fraser Basin. Figure 6C shows the positive 
trend in the graph of combined runoff and storage changes per unit precipitation 
as mean basin temperature increases. If the anomalous 1952-1956 data are 
extracted from the record, basin temperature accounts for almost 20 per cent 
of the relative runoff variance. The graph in Figure 6C implies an inverse 
relationship between evapotranspiration per unit precipitation and basin 
temperature because of the definitional equality: (A - S )/P = 1 - E /P. t vt 
The relationship between evapotranspiration and precipitation is shown 
in Figure 6E. Although spurious correlation invalidates any statistical 
treatment of the data in this form, it is nevertheless instructive to consider 
the shape of the curve. It has an upward concavity that is typical of the 
relationship for basins in which the rate of free water-surface evaporation 
greatly exceeds the range of actual evapotranspiration rates. The average 
lake evaporation rate in the Fraser Basin, at about 850 mm/year (based on 
Meteorological Branch Canada, climatic maps 1957-1966), is approaching 
three times the mean evapotranspiration rate in the present water balance 
equation. Of course the evapotranspiration trend in Figure 6E represents 
just the water-limiting phase of an S-curve relationship which at higher 
precipitation sees dE /dP decline to zero at an upper evapotranspiration vt 
rate (equal to the lake evaporation rate) limited by meteorological conditions 
(see Figure 6F). 
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Conclusion 
Magnitude-frequency distributions of the water balance components, 
together with that for basin mean temperature over the period of record, are 
summarised in Figure 7. All components are sensibly normal in distribution 
and the probability density functions in Figure 7 are based on the conven-
tional unbiased estimate of the respective population variances. The 
error band widths are based on an error analysis of the various steps in 
the measurement procedure. It was assumed that discharge measurements 
+ are accurate to - 10 percent and that primary precipitation data are error free. -
An estimate of the measurement error involved in the spatial averaging pro-
cedure was formed from an analysis of fifteen independently calculated values 
of mean annual precipitation prepared by fifteen senior students in a 
University hydrology course. Each student used the same base data and 
the same model of planimeter but adopted a different isohyet interval in 
the preparation of a map of basin precipitation. A population distribution 
based on these data indicated that 90 per cent of computed means would 
+ be within 6 per cent of the population mean; - 6 per cent has been taken as 
the error associated with spatial averaging. 
The accumulated errors in the water balance equation mean that evapo-
transpiration can not be determined by this method with an accuracy any 
+ better than about - 15 per cent. The difference between the mean evapo-
transpiration rate of 301 mm/year determined here, and the spatial average 
+ 
of 376 mm/year (- a conservative 10 per cent) based on the climatic estimates 
of Thornthwaite and Mather 4 •5 •6 •7 • is well within the combined measurement 
error. One is therefore obliged to accept the conclusion that there is no 
significant difference between the measured water balance estimate of mean 
annual evapotranspiration presented here and that based on the estimating 
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procedure of Thornthwaite and Mather. It is unlikely, however, that 
this conclusion applies to the record for individual years; the more 
direct measurement procedure should be the more accurate although this 
assumption has yet to be put to a test. 
The annual water-balance record presented here will be extended as 
the data become available. These further results and a copy of the 
computer program of the computational model are available from the author 
on request. 
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